We review the available data on the phylogeny, palaeontology and divergence time estimation of primary freshwater crabs in relation to a hypothesized Gondwanan origin of these brachyurans, as postulated by some workers in recent decades. Known phylogenetic relationships within the Old World freshwater crabs do not correspond to the successive fragmentation of the Gondwana continent. This is strong evidence against an ancestral Gondwanan distribution of Afrotropical Potamonautidae and Asian-Australian Gecarcinucidae. The fossil record of freshwater crabs (no older than the Oligocene) and heterotreme brachyurans also postdate the initial break up of Gondwana. Molecular-clock based time estimates for the most common recent ancestor of freshwater crab families differ profoundly, depending on the method of calibration used, and whether freshwater or marine brachyuran fossils are used as calibration points. As such, molecular clock estimates calibrated on freshwater crab fossils favour a post-Gondwanan evolution of freshwater crabs whereas calibration based on marine brachyuran fossils date their last common ancestor before the fragmentation of Gondwana.
Introduction
The discovery of continental drift, elaborated into the theory of plate tectonics, leads to the reconstruction of past positions and connections of continental plates, and the recognition of contiguous southern and northern continents, Gondwana and Laurasia, respectively, which separated from one another as a result of the rifting of the former supercontinent Pangaea during the Triassic. Evidence of the sequential break-up of Gondwana has frequently been used to explain the distribution patterns of various plant and animal groups by the Gecarcinucidae on the Indian subcontinent and in Australasia (including Australia and New Guinea). The Old World freshwater crab families, Gecarcinucidae, Potamidae and Potamonautidae are currently regarded as forming a monophyletic group, possibly also including the Neotropical Pseudothelphusidae (Sternberg et al., 1999; Cumberlidge and Ng, 2009 ; but see Klaus et al., 2009) . In contrast, members of the neotropical Trichodactylidae are believed to have had a separate phylogenetic origin from other primary freshwater crab families (Sternberg et al., 1999; Cumberlidge and Ng, 2009; Schubart and Reuschel, 2009 ).
Initial hypotheses of a possible Gondwanan origin were tentatively expressed, mainly based on the presumed monophyly of primary freshwater crabs sharing a bilobed mandibular palp (Rodríguez, 1986; Ng and Rodríguez, 1995) . This, combined with several of the major clades occurring on remnants of the Gondwanan continent, was seen to support a Gondwanan origin, in many respects paralleling that of freshwater parastacid crayfish. These major clades of freshwater crabs include the Neotropical Pseudothelphusidae, the Afrotropical Potamonautidae and part of the Asian-Australian Gecarcinucidae. A close relationship between Madagascan and Indian, as well as Neotropical and African freshwater crabs was already hypothesized by Gerstaecker and Ortmann (1901) , though, predating plate tectonic theory, explained by ancestral land bridges, i.e. Sclater's (1864) early Tertiary "Lemuria" and von Ihering's (1907) Mesozoic "Archhelenis". While later studies favoured dispersal scenarios to explain the distribution of freshwater crabs, e.g. by multiple invasions into the limnic habitat (e.g. see Bott, 1970) , it was , who explicitly expressed the potential of a Gondwanan origin for freshwater crabs.
In contrast, most of the more recent phylogenetic studies on freshwater crabs explicitly rejected an ancient Gondwanan origin, favouring more recent scenarios (Sternberg et al., 1999; Sternberg and Cumberlidge, 2001; Daniels et al., 2006; Klaus et al., 2006 Cumberlidge and Ng, 2009) . Unlike the parastacid crayfish, however, primary freshwater crabs as a whole cannot be regarded a priori as a uniquely or even a principally southern hemisphere faunal element. Rather the speciose family Potamidae and a fair number of the Gecarcinucidae (excluding the Indian and Australasian species), which account for more than half of all known primary freshwater crab species, occur on the continental landmass of former Laurasia (including southern Europe and western, central, and eastern Asia; see Ng et al., 2008; Yeo et al., 2008) . Nevertheless, a Gondwanan origin of freshwater crabs continues to draw debate and discussion, with new fossil and molecular evidence becoming available in recent years, and lively presentations at the last two International Crustacean Congresses, in Glasgow-2005 and Qingdao-2010 . Therefore, to facilitate continuing discourse, we summarize and discuss the current evidence for and against a Gondwanan origin for primary freshwater crabs as well as important questions/challenges remaining.
As different scenarios on the origins of primary freshwater crabs have recently been addressed in the review of Cumberlidge and Ng (2009) , we focus instead on the evidence proposed for a Gondwanan origin and review how well this hypothesis fits the currently available data on mandibular palp morphology, biogeography, phylogeny, divergence time estimates and the known fossil record of primary freshwater crabs. We also consider how the possible monophyly of primary freshwater crabs and the relationship between freshwater crab families could either support a Gondwanan framework, or argue against it.
Mandibular palp morphology
A key assumption underpinning the Gondwanan hypothesis is that the bilobed terminal segment of the mandibular palp is a synapomorphy uniting the Neotropical pseudothelphusids with the Paleotropical gecarcinucids (Rodríguez, 1986; Ng and Rodríguez, 1995; . Among brachyurans, the bilobed mandibular palp is unique to the primary freshwater crabs and is probably apomorphic. Indeed, the bilobed mandibular palp is a consistent and useful diagnostic character of these families (likewise the single-lobed palp in the Potamidae). However, considerable variation in this trait is present within the family Potamonautidae, which has raised serious doubts over its reliability as a suprafamilial or higher-level synapomorphy (see review in Cumberlidge and Ng, 2009 ). Important questions, therefore, include whether or not the bilobed mandibular palp has arisen independently within different clades of primary freshwater crabs, which would certainly be so in the case of polyphyly. If the primary freshwater crabs are monophyletic, however, the bilobed mandibular palp could indeed represent a synapomorphy within this group. In view of the above ambiguities in the interpretation of the mandibular palp and its derivation, we presently regard this character as providing equivocal support for monophyly of primary freshwater crabs. Thus, determining whether or not freshwater crabs are monophyletic will require other lines of evidence.
Monophyly of primary freshwater crabs
Testing the monophyly of the primary freshwater crabs is complicated by several issues that are yet to be resolved. The most important is the need for unequivocal identification of the marine sister group(s) of primary freshwater crabs. This would allow a robust test of their monophyly, in particular, to determine (1) if the Old World freshwater crabs are monophyletic, (2) if so, how the three Old World families may be related, and (3) if the Neotropical Pseudothelphusidae are sister to or nested among Old World freshwater crab families as suggested by Daniels et al. (2006) . A sister-group relationship between the New World Pseudothelphusidae and Old World freshwater crabs, and in particular with the African Potamonautidae, would fit a Gondwanan scenario. Conversely, if the primary freshwater crab families do not have a monophyletic origin, their geographic distributions would probably be the result of independent invasions of the limnic habitat rather than Gondwanan vicariance.
The Old World primary freshwater crabs are generally considered to be monophyletic (Sternberg et al., 1999; Cumberlidge and Ng, 2009; Klaus et al., 2006 Klaus et al., , 2009 , whereas the Neotropical Trichodactylidae and Pseudothelphusidae might not be closely related at all. Based on cladistic analyses of morphological data, the Trichodactylidae were placed close to the marine Portunidae (see Rodriguez, 1992; Sternberg, 1997; Sternberg et al., 1999; Sternberg and Cumberlidge, 2001) , although this is challenged by molecular evidence (Schubart and Reuschel, 2009 ). Curiously, Schubart and Reuschel (2009) , although focused on the Portunoidea, found potamid, pseudothelphusid and trichodactylid exemplars to form a monophylum.
The unity of the Neotropical Pseudothelphusidae and the Old World primary freshwater crab families in a single clade was recently proposed (Sternberg et al., 1999; Sternberg and Cumberlidge, 2001; Cumberlidge and Ng, 2009 ). This hypothesis is currently based on cladistic analyses of morphological characters, but broad-based molecular studies like those of Old World taxa are still lacking.
To date, phylogenetic studies of the primary freshwater crabs have not considered the phylogeny within a brachyuran wide context. Large-scale phylogenetic analyses of the whole Brachyura, however, may be instrumental in advancing the debate through their greater potential to test for freshwater crab monophyly and identify the marine sister group or groups in the case of non-monophyly. A preliminary large-scale molecular phylogenetic analysis of the Brachyura presented at the International Crustacean Congress 2010 (see book of abstracts, Ahyong et al., 2010) supported primary freshwater crab monophyly and tentatively identified the sister group to be the remaining heterotreme clades At present, the weight of evidence from morphological and molecular studies points towards a monophyletic origin of the primary freshwater crabs (probably excluding the Trichodactylidae).
The growing support for the monophyly of freshwater crabs (or at least for a large proportion of them) together with the distribution of several clades on Gondwanan remnants is consistent with a Gondwanan origin. However, if these crabs have a Gondwanan origin, their phylogenetic relationships should also contain a commensurate geographical signal, examined below.
Phylogenetic considerations
A critical tool for evaluating the historical biogeography of freshwater crabs, in whole or in part, is their phylogeny. As far as is known, primary freshwater crabs cannot survive in seawater, although tolerance to elevated salinities under experimental conditions is known for some species (Morris and van Aard, 1998; Esser and Cumberlidge, in press ). Moreover, they undergo direct development and have no planktonic larval stages. Their ability to disperse is therefore tied closely to the land masses that they occupy, even if erratic, short-distance marine dispersal, e.g. by rafting, might have occurred as proposed for the colonisation of the Seychelles (Daniels, pers. comm.) and the crossing of Wallace's Line . If the primary freshwater crabs had a Gondwanan origin, their phylogenetic relationships can be expected to correlate with area relationships derived from the successive splitting of Gondwana (Fig. 2) .
To test a Gondwanan vicariance model based on phylogenetic topologies, we have to deal with several challenges. First, as discussed above, the monophyly of primary freshwater crabs as a whole remains unclear (although the monophyly of each of the primary freshwater crab families is well supported), and thus the phylogenetic relationships between the constituent families remains to be robustly resolved. Current family-level molecular phylogenies have focussed Fig. 2 . Scheme of the successive breakup of the Gondwana continent. At nodes approximate divergence times are given in million years before present (see Ali and Aitchison, 2008 , and references therein; geological time scale according to Ogg and Gradstein, 2008) . The grey bars indicate (1) the first fossil occurrence of Brachyura; (2 and 3) first occurrence of early heterotreme crabs based on (2) a corystid of ambiguous age and (3) the confirmed dorripid fossil record; (4) the oldest known fossil freshwater crab.
on the African Potamonautidae (Daniels et al., 2006) , the Eurasian Potamidae (Shih et al., 2009 ) and the Australasian Gecarcinucidae (Klaus et al., 2009 . The topology of the potamonautid and gecarcinucid phylogenies is given in Fig. 3 . The most comprehensive phylogeny of the primary freshwater crabs, Daniels et al. (2006) , although focussed on Afrotropical lineages, includes representatives of all recognised families and supports overall monophyly.
Second, Neotropical pseudothelphusid and trichodactylid species are either absent or generally under-represented in current studies. Daniels et al. (2006) included a single pseudothelphusid, Guinotia dentata (Latreille, 1825) from the West Indies, which was nested among the Old World taxa. This may have prevented detection of any initial vicariant event separating Neotropical and Afrotropical freshwater crabs. Nevertheless, we can already deduce valuable information from the present phylogenetic data concerning presumed Gondwanan distribution at family level.
One basis for freshwater crabs' Gondwanan origin was initially the distribution of the superfamily Gecarcinucoidea sensu Bott (1970) (see uniting species from Africa, Madagascar, the Seychelles, tropical Asia and Australia (Bott, 1965 (Bott, , 1970 Klaus et al., 2006) . This would fit a Gondwanan pattern at a general level. However, more detailed analyses drew a different picture. Molecular phylogenies of the gecarcinucoids were not congruent with area relationships predicted by the sequential break-up of Gondwana (Daniels et al., 2006; Cumberlidge et al., 2008; Klaus et al., 2009 . The monophyletic Madagascan freshwater crabs, for example, are more closely related to the African Potamonautidae than to Indian species of the family Gecarcinucidae (Daniels et al., 2006) . Similarly, the freshwater crabs from the Seychelles are not the sister-group to Indian gecarcinucids as expected under a Gondwanan vicariance model, but are instead closer to African freshwater crabs (Daniels et al., 2006; . The Gecarcinucidae inhabit major fragments of Gondwana, i.e. they are the sole primary freshwater crab family on the Indian Subcontinent and in Australia (genus Austrothelphusa). However, it is evident from the available phylogenies, that the species east of Wallace's Line are nested within the continental Asian Gecarcinucidae (see Klaus et al., 2009 . Biogeographic inference argues for an Indian origin of the Gecarcinucidae (see and several independent dispersal events into insular Southeast Asia, New Guinea and Australia (Klaus and Streit, 2011) .
Thus, even if the primary freshwater crabs are monophyletic, the question would remain as to why the initial separation of Pseudothelphusidae and Old World freshwater crabs might be caused by Gondwanan vicariance while the distributions of Madagascan, Seychelles', Indian and Australasian species cannot be explained by the splitting of Eastern Gondwana. In the case of pseudothelphusid-Old World freshwater crab monophyly, it might be more parsimonious to assume either dispersal, e.g. by rafting, between the Neotropics and Afrotropics across the emerging South Atlantic Ocean or a common marine stem group (see also Cumberlidge and Ng, 2009) .
Like the gecarcinucids, the distribution of the Eurasian Potamidae is not easily accounted for using Gondwanan vicariance. In contrast to the gecarcinucids, however, the distributions of the Eurasian Potamidae do not include fragments of former Gondwana other than the Island of Socotra. Even on the Indian subcontinent, potamids are restricted to the northern periphery in the Himalaya and Hindu Kush. One possibility is that potamids may have dispersed secondarily into Eurasia from a Gondwanan fragment. Since potamids have not actually crossed Wallace's Line (see Yeo et al., 2008) and do not occur on the main Indian subcontinent at present, Africa would be their most probable origin under this scenario. The occurrence of potamids on the Island of Socotra on the African continental shelf, however, cannot be regarded as evidence for this possible scenario. Both morphological (Apel and Brandis, 2000) and molecular data (Shih et al., 2009) show that the freshwater crabs from Socotra are more closely related to Southeast Asian potamids and nest deeply within this clade. Moreover, the divergence time between crabs from Socotra and Southeast Asia estimated by Shih et al. (2009), 19 Ma, matches well with the initiation of continental drift between the Arabian Peninsula and Socotra (Bosworth et al., 2005) .
The current phylogenetic data, as outlined here, do not favour a Gondwanan origin for each of the primary freshwater crab families. In particular, the phylogenetic relationships within the Potamonautidae and Gecarcinucidae argue strongly against it.
The fossil record
The fossil record of freshwater crabs is scarce, not matching the considerable species diversity of extant taxa we see in extant freshwater crabs. The oldest known freshwater crab fossil, Tanzanonautes tuerkayi Feldmann et al., 2007 (Potamonautidae) from the Oligocene in East-Africa, clearly postdates the initial break-up of Gondwana by 130 million years. The earliest fossil representatives of the Potamidae, i.e. Potamon quenstedti Zittel, 1885 (Miocene of south Germany, see Klaus and Gross, 2010) and the Gecarcinucidae (claw fragments, Miocene or Pliocene of India, see Klaus and Gross, 2010 , and possibly Laos, see also postdate initial Gondwanan fragmentation by more than 100 million years. Of course, the fossil record provides only a minimum age for taxa, and we cannot discount its incompleteness, especially concerning freshwater sediments. Ng et al. (1995: 591) warned against drawing firm conclusions based on the dearth of fossils, commenting that, "the rarity and difficulty of forming (and finding) freshwater fossils is well known". Nevertheless, the fossil record of European freshwater crabs is temporally and spatially comprehensive from the Early Miocene to the present, with no earlier representatives (Klaus and Gross, 2010) , whereas Eurasian Mesozoic freshwater sediments yield fossil freshwater crayfish, but no freshwater crabs (Taylor et al., 1999) .
Extending our overview to the fossil record of Brachyura in general, the first unambiguous occurrence of brachyuran crabs is marked by the homolodromioid Eoprosopon from the Pliensbachian, Lower Jurassic (Schweitzer and Feldmann, 2010a,b) , some 30 million years before the initial fragmentation of Gondwana. Primary freshwater crabs, however, as far as is known, are derived from heterotreme Eubrachyura. The earliest heterotremes in the fossil record are likely to be dorripids (Albian, Early Cretaceous, see Schweitzer et al., 2003) . The Necrocarcinidae (first occurrence Aptian, Early Cretaceous, see Schweitzer and Feldmann, 2000) were recently removed from the heterotreme Calappoidea and assigned to the podotreme Raninoidea (see Guinot et al., 2008; Schweitzer and Feldmann, 2011) , and a putative Middle Jurassic corystid (Bathonian, see Guinot et al., 2007) is most probably of Cretaceous or Cenozoic origin based on taphonomy and the age of encrusting bryozoans (Feldmann, pers. comm.) . This implies, based on the fossil record, that the marine relatives of freshwater crabs may postdate initial Gondwanan fragmentation by at least ∼65 million years (or ∼10 million years taking into account the ambiguous Jurassic corystid, see Fig. 2 ). Hypothetically, this time lag could be shortened if older eubrachyuran fossils are discovered. On the other hand, the time lag between the first fossil eubrachyuran and Gondwanan fragmentation could also increase once the marine sister-group of primary freshwater crabs (or sistergroups in case they are not monophyletic) is successfully identified (because early corystids, dorippids and calappids are unlikely to be the closest relatives of freshwater crabs). Again, this can be challenged by the incompleteness of the fossil record of freshwater crabs, although this argument is less significant concerning marine sediments. Daniels et al. (2006) and provided divergence times based on molecular clock approaches. These suggest that the Potamonautidae postdate Gondwanan fragmentation with an Upper Cretaceous (Daniels et al., 2006) or Paleocene to Oligocene age of the most recent common ancestor . Although these dates differ because of different molecular clock methods and calibration points (Daniels et al., 2006 set a uniform prior for the split between African and Seychelles' species based on the age of the Seychelles, i.e. 70 Ma, possibly explaining the older divergence date), neither study supports the separation of African, Madagascan and Seychelles' potamonautids resulting from the break-up of eastern Gondwana. The most recent common ancestor of the Gecarcinucidae is dated within a large credibility interval from the Cretaceous-Paleogene transition to the Oligocene . This family includes the Indian and Australasian primary freshwater crabs, which should have diverged by 132 Ma if Gondwanan vicariance is assumed. These molecular clock studies have calibrated their substitution rates using freshwater crab fossils. Because the known freshwater crab fossil record is relatively young, its potential incompleteness may constrain the divergence estimates to more recent ages. However, the mean rate of evolution for the 16S rRNA gene of gecarcinucid freshwater crabs, resulting from fossil calibration , is very close to the well-grounded rate calibrated for sesarmid crabs using the Pliocene closure of the Isthmus of Panama (Schubart et al., 1998) , and is thus corroborated by independent evidence. Assuming heterogeneity of the substitution rate among different branches of a phylogenetic tree, calibration points within the freshwater crab families should lead to more reasonable divergence estimates. Furthermore, freshwater crab fossils are much more precisely dated compared to Mesozoic marine brachyuran fossils used for calibration (cf. Porter et al., 2005; .
Divergence time estimates
Divergence time estimates for the freshwater crabs could be significantly different when considered within the wider context of an overall brachyuran phylogeny, calibrated with marine groups with a more substantial fossil record. To date few studies have taken such an approach. Porter et al. (2005) examined overall decapod relationships, but included seven Brachyura including one freshwater crab (Geothelphusa sp.), and calibrated using cancrid and majid fossils. An upper Jurassic age was estimated for the common ancestor of Geothelphusa and the thoracotreme, Pachygrapsus, postdating initial fragmentation of Gondwana. Notably, however, a Permo-Triassic age was estimated for the most recent common ancestor of the heterotreme crabs. This considerably predates the known brachyuran fossil record, although they unfortunately calibrated the most recent common ancestor of the Brachyura with a fossil anomuran (Eocarcinus praecursor, see Schweitzer and Feldmann, 2010a) , and applied uniform priors with the fossil ages as a minimum value. The latter in particular can lead to much overestimated divergence dates (Ho, 2007) . Unpublished results of a major multilocus molecular phylogeny of the Brachyura, including all primary freshwater crab groups, except the Trichodactylidae, were presented at the International Crustacean Congress 2010 (see book of abstracts, Ahyong et al., 2010) , suggesting a Carboniferous origin for the Brachyura, with a Permian origin for the heterotremes, including the monophyletic Old World freshwater. Although these results are preliminary and must be interpreted with great care, they at least suggest that current divergence time estimates of the freshwater crabs may require further palaeontological and phylogenetic research within a wider brachyuran context. Thus, with respect to a Gondwanan vicariance scenario for the freshwater crabs, divergence time estimates from current molecular studies either considerably postdate or possibly predate Gondwanan fragmentation.
Conclusion
Is the theory of Gondwanan origin of primary freshwater crabs laid to rest? In light of the available data, it seems very unlikely that primary freshwater crabs are of Gondwanan origin. In contrast to examples, such as the freshwater parastacid crayfish, in which the distribution, phylogeny and fossil record together support a Gondwanan vicariance model (Toon et al., 2010) , only the modern distribution (broadly considered) of primary freshwater crabs appears Gondwanan. The known fossil record of freshwater crabs is too recent, and, when closely scrutinised, the phylogenetic structure within the African/Madagascan Potamonautidae and the Asian/Australian Gecarcinucidae is incongruent with the sequential break-up of Eastern Gondwana. Thus, it is more parsimonious to conclude that dispersal shaped the present distribution patterns of primary freshwater crabs rather than fragmentation of an ancient Gondwanan range. Based on the fossil record, most divergence time estimates date the root of each of the three Old World freshwater crab families (Gecarcinucidae, Potamonautidae, and Pseudothelphusidae) dramatically later than the breaking up of Gondwana.
While the sum of current data argues against a Gondwanan origin for freshwater crabs, we nevertheless believe that every attempt should be made to further test this matter. In the process, we will inevitably develop more insights into the evolution of not only the freshwater crabs, but also their marine relatives.
